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Abstract

Introduction. The heart innervation is made up of plexo-ganglionic formation containing sympathetic, parasym-
pathetic, and sensory components. We examined the distribution and neurochemical coding of the ganglia and
nerve fibers in the chinchilla’s heart.

Material and methods. The heart sections of 10 male and 10 female adult chinchillas were processed in accord-
ance with the thiocholine method for acetylcholine esterase (AChE), and the SPG method for detecting the
presence of adrenergic fibers was applied. The routine technique of immunohistochemical (IHC) staining with
primary antibodies directed against ChAT, VAChT, DSH, TH, CART, NPY, VIP, GAL and SOM was used.
The secondary antibodies were conjugated with Alexa Fluor 488 and Alexa Fluor 555 fluorophores.

Results. The epicardium contained ganglia and nerve fibers, the myocardium had a few ganglion neuro-
cytes and nerve fibers, and the endocardium contained only nerve fibers. In the epicardium, AChE-posi-
tive fibers were more prevalent than SPG-positive fibers. All the ganglion cells were immunopositive for
ChAT and VAChHT. Some cells also had a positive reaction to DFH and TH. Fibers containing cholinergic
and adrenergic markers were numerous, while many of them were ChAT/DSH- and VAChT/TH-positive.
CART/NPY and CART/VIP, as well as CART and GAL, were observed to be colocalized in ganglion
neurocytes, as well as in individual cells. The nerve fibers were found to contain all the neurotransmitters
we tested for, as well as the following co-occurrences: ChAT/DSH, VAChT/TH, CART/NPY, CART/
/VIP, CART/GAL, and CART/SOM.

Conclusions. Our analysis of the neurochemical profile of the nerve structures in chinchilla’s heart showed that,
despite interspecies differences, the general pattern of the distribution of autonomic nervous system structures
is similar to that of other mammals’ species, including humans. (Folia Histochemica et Cytobiologica 2021, Vol.
59, No. 3, 157-166)
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Introduction

The cardiac nervous system is made up of a series
of plexo-ganglionic formations and contains sympa-
thetic, parasympathetic, and sensory components.
The autonomic components, however, are the main
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the heart conduction system through the release of
neurotransmitters at nerve endings (noradrenaline —
NA, neuropeptide Y — NPY, galanin — GAL, and
nitric oxide synthase — NOS). The parasympathetic
part acts with a different set of neurotransmitters (ace-
tylcholine — ACh, cocaine- and amphetamine-regu-
lated transcript — CART, and vasoactive intestinal
polypeptide — VIP) to inhibit heart function [1-5].

The innervation of the heart has been studied in
many species of animals from different taxonomic
classes. The majority of studies have been carried
out on the small mammals, particularly on laboratory
rodents, and the intrinsic cardiac nervous system in rat
hasbeen studied at the molecular level [6]. Moreover,
investigations have been carried out on farm species
[7]- A few papers also described the morphology,
topography, and physiology of the human cardiac
ganglia [8-15].

The ganglia are mainly located in the strategic
regions of the heart: around the sinoatrial and atrio-
ventricular nodes, the main vessels of the heart, and
the region of the coronary sulcus. In this respect, there
is usually significant interspecific variation, but even
so, the general pattern of distribution is similar in both
humans and other mammalian species [11, 14, 16].

Our results indicate that there may be several
subpopulations of neurocytes in myocardial ganglia,
containing various combinations of neurotransmitters.
The neurons of the cardiac ganglia are thus not phe-
notypically and functionally homogeneous but consti-
tute a neurochemical complex that goes beyond the
classical picture of parasympathetic ganglia [5, 17, 18].

The chinchilla often is used as an animal model for
many types of investigations related to the dysfunction
of human organs such as middle ear [19], uterus [20],
digestive system and lungs [21]. But there is a lack of
detailed data on the autonomic nervous system of its
heart. Research to date has only provided incomplete
information on the morphology and topography
of the parasympathetic ganglia in this species [22].
There have also been descriptions of adrenergic and
cholinergic innervation of the atrioventricular valves
[23] and pancreas [24]. However, there is no data
available on the neurochemical analysis of ganglionic
cells, nor is there detailed information available on the
innervation of the heart muscle (including the types
of fiber) in the chinchilla. It thus seems advisable to
carry out a thorough analysis of the neural structures
of the chinchilla’s heart, both in terms of topography
and neurochemical profile. This is the first study of
this specific topic. Our results are important in both
their theoretical and practical aspects.
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Material and methods

We investigated twenty adult (10 months old) chinchillas
(Chinchilla laniger Molina, 1782) of both sexes (10 males
and 10 females, weight 400—-600 g). Animals were collect-
ed immediately after industrial slaughter. The research
conformed to the requirements of Act for the Protection
of Animals Used for Scientific or Educational Purposes
(15 January 2015). Studies of tissues obtained post-mortem
do not require the approval of an ethics committee. We
performed morphological investigation of the atria and
ventricles of the heart using the acetylcholinesterase (AChE)
[25, 26] and SPG [27] histochemical techniques, as well as
routine single and double staining immunohistochemistry.

Material sampling and histochemistry. Ten individuals
(5 males and 5 females) were used for histochemical investi-
gations. Immediately after slaughter, in appropriately adapted
room, under stereo microscope control (Nikon SMA 800) the
anterior wall of the chests was opened, and hearts were col-
lected removing the pericardial sac. Next, heart tissues were
rinsed in physiological solution and fixed for 30 minutes in
10% buffered formalin. During the fixation, collected material
was transported to the Department of Medical Biology of Jan
Kochanowski University in Kielce, Poland, where the other
procedures were performed. A separate microdissection of
the atria and ventricles was used to prepare whole mount
specimens. Flat atrial preparation was carried out in the
following manner. The atria and ventricles were separated
along the atrioventricular groove and the aorta, and the
pulmonary trunk was gently detached. Cholinergic positive
structures were investigated with AChE method. The macro-
morphological (whole mount) specimens were treated in the
incubated solution at pH 6.4-6.8 and temperature 37°C (acetyl
thiocholine iodide, acetate buffer, sodium citrate, cooper
sulfate, distilled water, potassium ferricyanide). The activity
of the pseudocholine nonspecific esterase was blocked using
iso-OMPA. Next, the tissues were rinsed in distilled water,
and ammonium sulfide was added to intensify the reaction
and the specimens were mounted in DPX.

The adrenergic structures were investigated using the
SPG (sucrose-phosphate-glyoxylic acid) method. Briefly,
whole-mount specimens were immersed in SPG solution for
5 seconds (reagents: glyoxylic acid monohydrate, sucrose, po-
tassium phosphate monobasic), dried under a cold stream of
air for 10 min, and heated to 95°C for 3 min. Specimens were
observed using fluorescence microscope Nikon 90i (Nikon,
Tokyo, Japan) and digital pictures were taken with Nikon
Digital Sight SD-L1 system using NIS-Elements 3.22 software.

Immunohistochemistry. The chests of ten individuals
(5 males and 5 females) were opened and the left ventri-
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Table 1. Primary antisera used in the research
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Antigen Host Type Dilution Catalog No. Supplier

ChAT Goat Polyclonal 1:100 NBP1-30052 Novus Biologicals, Cambridge, UK
VAChT Rabbit Polyclonal 1:1000 EUD261 Acris Antibodies, San Diego, CA, USA
DBH Rabbit Polyclonal 1:500 NBP1-78349 Novus Biologicals, Cambridge, UK
TH Mouse Monoclonal 1:500 MAB318 Millipore, Temecula, CA, USA
CART Mouse Monoclonal 1:2000 MAB163 R&D System, Minneapolis, MN, USA
NPY Rabbit Polyclonal 1:2000 AHP2189 AbD Serotec, Hercules, CA, USA
VIP Rabbit Polyclonal 1:2000 Ab22736 Abcam, Cambridge, UK

GAL Rabbit polyclonal 1:1000 AB2233 Millipore, Temecula, CA, USA
SOM Rabbit polyclonal 1:1500 8330-0154 ADbD Serotec, Hercules, CA, USA

Abbreviations: ChAT — choline acetyltransferase, VAChT — vesicular acetylcholine transporter, DAH — dopamine -hydroxylase, TH — tyrosine
hydroxylase, CART — cocaine- and amphetamine-regulated transcript, NPY — neuropeptide Y, VIP — vasoactive intestinal polypeptide, GAL —

galanin, SOM — somatostatin

Table 2. Secondary antisera used in the research

Host Fluorophore Dilution Catalog No. Supplier

Donkey anti-rabbit Alexa Fluor 488 1:500 A21206 Invitrogen, Carlsbad, CA, USA
Donkey anti-goat Alexa Fluor 555 1:500 A21432 Invitrogen, Carlsbad, CA, USA
Donkey anti-mouse Alexa Fluor 555 1:500 A31570 Invitrogen, Carlsbad, CA, USA

cles were incised to insert cannula into the aorta, and the
right cardiac auricle was then transected. Perfusion was
performed using 0.4 1 of 4% ice-cold buffered paraformal-
dehyde (pH 7.4) with perfusion apparatus [28]. Hearts were
collected and additionally postfixed by immersion in the
same fixative for 15 min, rinsed with phosphate buffer, and
transferred to and stored in 30% buffered sucrose solution
for two weeks. Frozen slides (8-10 wm) were prepared with
the microtome (Shandon Cryotome E; Thermo Scientific,
USA). Next, the specimens (whole mount specimens and
sections) were processed for the single and double-labelling
immunofluorescence method. Tissues were incubated for
16-20 h at room temperature with primary antibodies against
choline acetyltransferase (ChAT), vesicular acetylcholine
transporter (VAChT), dopamine -hydroxylase (DSH), tyro-
sine hydroxylase (TH), cocaine- and amphetamine-regulated
transcript (CART), neuropeptide Y (NPY), vasoactive intes-
tinal polypeptide (VIP), galanin (GAL), and somatostatin
(SOM) (Table 1). Tissues were then next incubated with
proper secondary antibodies conjugated with fluorochrome
Alexa Fluor 488 and Alexa Fluor 555 (Table 2). After in-
cubation, the specimens were coverslipped with buffered
glycerol and examined under a fluorescent microscope with
a confocal Nikon Eclipse Ti-A1R (Nikon Instruments Inc.,
NY, USA) attachment.

Control over the specificity of staining was obtained by
preabsorbing a diluted antiserum with 20 ug/ml of an ap-
propriate antigen, which completely abolished the specific
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immunoreactivity. In addition, we repeated the experiments
with the primary antiserum replaced by nonimmune serum,
or by phosphate buffered saline (PBS), in order to verify the
specificity of particular immunoreactions.

Results

Histochemistry

Histochemical examination using the AChE method
showed the presence of ganglia with different number
of cells (from a dozen to several dozens) and individual
ganglion cells in various regions of the epicardium of
the atria of the heart. A smaller number of clusters of
ganglionic neurocytes (7-10) were seen in the right atri-
um near the ostium of the cranial vena cava (Fig. 1A),
and two dense clusters of cholinergic neurocytes were
noted in the area of the right atrium auricle. On the
other hand, several ganglia (3-5) composed of a few
tens of cells were found on the surface of the left atri-
um near the ostia of the pulmonary veins (Fig. 1B).
All these structures were connected to each other by
anetwork of nerve fibers, which also showed a positive
reaction to AChE. In this way, a kind of plexo-gan-
glionic cholinergic structure was formed, containing
both larger structures and some structures of only
a few cells mainly in the area of the sinoatrial node
(Fig. 1C). We observed the connection of these plexo—
ganglia with other similar structures located by the
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Figure 1. Structures of the autonomous nervous system in various regions of chinchilla’s heart. A. The acetylcholinesterase
(AChE)-positive ganglia in the epicardium of the right atrium near the ostium of the cranial vena cava. B. The elongated
AChE-positive ganglion on the posterior surface of the left atrium near the ostia of the pulmonary veins. C. The AChE-positive
plexo-ganglionic structures on the anterior surface of the right atrium in the area of the sinoatrial node. D. The AChE-pos-
itive fibers on the posterior surface of the right ventricle. E. The adrenergic nerve fibers in the epicardium of the left atrium
along the blood vessels. F. The adrenergic plexus in the epicardium posterior wall of the right ventricle. Figures 1A-D were
stained by histochemical AChE method, and Figs. 1E, F by the SPG-method as described in Methods. Legend: g— ganglion,
bv — blood vessels, f — nerve fibers.
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right and left coronary sulci on the atrial facies of the
heart. In the case of the epicardium of the ventricles,
the ganglionic clusters were smaller, usually with only
a few cells (Fig. 1D). The thickest AChE-positive bun-
dles of fibers (about 100 wm thickness) branched into
thinner and thinner bundles (Fig. 1A). Significantly
thinner fibers (below 50 um thickness) were seen
on the surface of the ventricles in the vicinity of the
coronary sulcus (Fig. 1D). The myocardium of both
the atria and the ventricles contained individual neu-
rocytes, and numerous fibers, while the endocardium
contained only tiny nerve fibers.

The SPG method only revealed numerous adren-
ergic fibers located in the atria and ventricles, with
characteristic varicosities (Fig. 1E, F). These formed
a three-dimensional network in all layers of the heart,
which was well developed, especially in the epicardi-
um and myocardium. A particularly high density of
SPG-positive fibers was observed in the adventitia of
blood vessels (Fig. 1E). A dense neuronal network
was also observed around the papillary muscles in the
ventricles of the heart.

Immunohistochemistry

Immunohistochemical (IHC) methods allowed for
a more detailed analysis of the innervation of the
heart. Ganglia immunopositive to ChAT and VAChT
were found, with various numbers of neurocytes
(from a few to a few dozen) in the epicardium and
myocardium of the atria and ventricles. The largest
immunoreactive ChAT ganglia were observed near
the ostium of the cranial vena cava in the epicardium
of the right atrium (Fig. 2A) and on the surface of the
left atrium in the vicinity ostia of the pulmonary veins.
Strong immunopositivity to ChAT and VAChT was
observed in numerous nerve fibers in all layers of the
heart, in both atria and ventricles (Fig. 2A-D). The
cholinergic fibers ran singly and also formed bundles
of varying thickness. In the case of the enzymes of
the catecholamine pathway, DFH and TH immuno-
reactivity was observed in numerous fibers present
in the epicardium, myocardium, and endocardium
(Fig. 2B, D). Only a few ganglion cells (particularly
those located in the atria) showed colocalization of
ChAT and DSH (Fig. 2A). VAChT and TH were
colocalized in ganglion neurocytes (Fig. 2C), and
numerous fibers showed ChAT/DSH and VAChT/TH
colocalization (Fig. 2B, D).

CART-immunopositive neural structure studies
have shown the presence of this neuropeptide in
numerous nerve fibers, in both the atria and in the
ventricles of the heart (Fig. 3A-F). They were espe-
cially numerous in the epicardium and myocardium,
where they formed a spatial network while in the
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endocardium, they were thin and sparse. CART-im-
munoreactivity of numerous nerve cells in the ganglia
of the epicardium of the right ventricle and the right
and left atrium was observed (Fig. 3A, C, D). We
also noted individual cells and small CART-positive
clusters of them in the atrial myocardium.

NPY was seen in numerous nerve fibers, which
usually form a three-dimensional network in all three
layers of the heart (Fig. 3A, B). In addition, NPY pos-
itive cells were seen in the ganglia of the atrial epicar-
dium (Fig. 3A). The most abundant VIP-positive and
GAL-positive nerve fibers were found in the epicardi-
um and myocardium of both the atria and ventricles
(Fig.3C, D). The VIP-immunopositive fibers formed
a dense, very fine network. In the outer layer of the
left atrium, presence of GAL was observed in the
neurocytes that form small clusters there (Fig. 3D).
Multiple SOM-positive fibers of varying thickness
were seen in all layers of the atria, and ventricles
(Fig. 3E, F). The most numerous were present in the
epicardium and myocardium of the left atrium, along
the walls of blood vessels (Fig. 3E).

The CART/NPY, CART/VIP and CART/GAL
neuropeptides were found to be colocalized in the
cytoplasm of ganglion cells in the atrial epicardium,
atria and ventricles (Fig. 3A, C, D). CART-immu-
nopositive nerve fibers also showed colocation with
NPY, especially in those along the blood vessels (Fig.
3B). The coexistence of CART and VIP, as well as
of CART and GAL, was found the in epicardial and
myocardial fibers (Fig. 3D). We observed CART- and
SOM-immunopositive nerve fibers in the myocardium
of the left atrium and ventricle, particularly in the
vicinity of blood vessels (Fig. 3E, F).

Discussion

The regulation of the heart function by the autonomic
nervous system has two main components: an adr-
energic component, which stimulates the heart and
conduction system, and a cholinergic component,
which inhibits them [29, 30]. It is also known that
the sympathetic part consists mainly of nerve fibers,
while the parasympathetic part involves both fibers
and nerve cells. The situation is similar for the inves-
tigated species. However, despite numerous reports
on the topic, the neurochemical nature of these neural
structures in other mammals is not entirely clear.
Some authors have indicated that there are several
subpopulations of neurons in the ganglia of different
neurochemical coding, and therefore also with differ-
ent functional capabilities. The most common neurons
are those with the classic cholinergic nature. A second
group of cardiac neurons is of a dual neurochemical
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Figure 2. A. The autonomic ganglion and nerve fibers in the epicardium of chinchilla’s right atrium (ChAT — red, DFH —
green; colocalization — gold/yellow; whole mount specimen). B. The cholinergic and adrenergic fibers in the epicardium of
the left ventricle (ChAT — red, DSH — green; colocalization — gold/yellow; whole mount specimen). C. The agglomeration
of neurocytes in the epicardium of the right atrium (VAChT — green, TH — red; colocalization — gold/yellow; frozen
section). D. The distribution of the nerve fibers in the myocardium of the right ventricle (VAChT — green, TH — red; colo-
calization — gold/yellow; whole mount specimen). Immunohistochemical staining was performed as described in Methods.
Legend: g — ganglion, bv — blood vessels, f — nerve fibers. Abbreviations as in the description of Table 1.

type: the main neurotransmitter is acetylcholine, but
enzymes belonging to the catecholamine pathway are
also present. There is a disagreement in the literature
on the relative abundances of cholinergic and noncho-
linergic cells: Weihe et al. [18] suggested that 40-50%
of rhesus and human cardiac neurons may contain
enzymes of the catecholamine pathway. Singh et al.
[11] showed similar results for humans. Haberberger
and Kummer [31] found that all guinea pig cardiac
neurons contained both choline acetyltransferase and
B-2 adrenoreceptors. Rysevaite et al. [32] found in
mouse only 4% of TH-positive cells, and only 14%
of ChAT and TH positive cells. Similar colocaliza-
tion has been reported for rat and rabbit [33, 34].
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A similar situation has been found for chinchilla, with
only a small number of ganglionic neurocytes being
immunoreactive to ChAT and DFH. Colocalization of
these mediators was also found in nerve fibers where
ChAT and TH were observed.

Recently, a number of papers have described the
presence of the CART peptide in heart ganglia [35—
—-38]. CART is known to be an anorexigenic peptide
produced in brain, mainly in the hypothalamus. It has
also been found in nerve endings in the digestive tract
and in parasympathetic ganglia. Most reports have
indicated that CART is present in the nerve fibers
of the heart, although there have also been reports
of its presence in cardiac neurons [35-37]. CART
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Figure 3. A. The agglomeration of the nerve cells and nerve fibers in the epicardium of chinchilla’s right atrium (CART
— red, NPY — green; colocalization — gold/yellow; frozen section). B. The nerve fibers along the blood vessels in the
myocardium of the right atrium (CART — red, NPY — green; colocalization — gold/yellow; whole mount specimen).
C. The small agglomeration of neurocytes in the myocardium of the left ventricle (CART — red, VIP — green; colocalization
— gold/yellow; frozen section). D. The neurocytes and numerous nerve fibers in the epicardium of the left atrium (CART
— red, GAL — green; colocalization — gold/yellow; frozen section). E-F. The numerous nerve fibers in the myocardium
of the left atrium (E) and left ventricle (F) (CART — red, SOM — green; colocalization — gold/yellow; frozen section).
IHC — method. Legend: g — ganglion, bv — blood vessels, f — nerve fibers. Abbreviations as in the description of Table 1.
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raises the blood pressure in the coronary arteries and
increases the heart rate. Calupa et al. [35] showed that
most guinea pig cardiac ganglia were innervated with
immunoreactive CART nerve fibers. A few ganglion
neurocytes have been found to be CART positive;
these also contained ChAT or NOS. Richardson et al.
[37] noted the presence of CART-immunoreactivity in
46% of rat cardiac neuron bodies, some of which also
contained NOS or calbindin. The present study found a
positive response to CART in the chinchilla’s atrial gan-
glia. The colocalization of CART with NPY and GAL
has also been observed in nerve fibers, especially along
blood vessels. Some authors have suggested that CART
protects mitochondrial DNA from oxidative stress [38].
NPY is an important peptide neurotransmitter involved
in sympathetic activation. According to Richardson et al.
[33], all rat cardiac neurons other than ChAT-positive
contain NPY. The present study also found NPY in both
the cells and the nerve fibers of the heart.

The vasoactive intestinal peptide (VIP) mainly
affects the intestinal nervous system. Nevertheless,
its presence has also been demonstrated in the heart
ganglia. Horackova et al. [39] noted its presence in
guinea pig heart. About 10% of neurocytes dispersed
throughout the heart muscle were VIP-positive.
Moravec et al. [40] did not find it in rat ganglionic
neurons, while Parsons et al. [41] and Steele et al. [42]
noted the coexistence of VIP and other neurotrans-
mitters (NPY, SP, NOS) in guinea pig heart. In the
investigated species, we did not find VIP in nerve cells,
though numerous fibers were VIP-immunoreactive.

Galanin (GAL) is a neuropeptide that affects
the metabolism by affecting the frequency of food
consumption; it reduces energy expenditure, which
promotes obesity [43]. It also participates in cardio-
vascular regulation causing an increase in blood pres-
sure and tachycardia [44]. As shown by physiological
studies conducted in guinea pigs, the galanin released
from sympathetic neurons controls the heart’s rate.
Herring et al. [45] indicate that galanin receptors are
found only in the right atrium. Our results revealed
GAL both in the nerve cells and fibers in the epicar-
dium of the left atrium of chinchilla’s heart.

Somatostatin (SOM) is a neuropeptide present in
many organs that is also involved in the regulation
of the heart. It can occur alone or with AChE. The
inhibitory function of SOM has been demonstrated
for contractions of human heart muscle [42]. Day
et al. [8] demonstrated that different regions of the
rat heart (right atrium, right ventricle, and atrio-
ventricular node) contain high concentrations of
somatostatin. Its presence has also been found in
the few cardiac endings of the guinea pig vagal nerve
and in numerous subsets of cardiac neurons [36, 42].
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Our study also found SOM in nerve fibers, mainly in
the epicardium.

The neural structures in the heart (ganglia and
plexuses) are found in the epicardium, myocardium,
and endocardium. Clusters of neurocytes are found
mainly in the epicardium, while a few loosely spaced
cells are found in the myocardium; only nerve fibers
are present in the endocardium. There are divergent
data in the literature regarding the density of nerve
fibers in particular parts of the heart. Crick et al.
[46] found in pig that the density of nerve fibers in
the epicardium and myocardium was greater in the
ventricles (particularly in the left ventricle) than
in the atria. In the endocardium they also noted
a higher density of nerve fibers in the right ventricle
and right atrium. A similar distribution of density of
nerve structures in human hearts was described by
Marronet al. [9]. Gordon et al. [47] showed a different
pattern of density in the hearts of pig and domestic
cattle: there was a greater density in the atria than in
the ventricles, and greater density in the epicardium
than in the endocardium. In the chinchilla a richer
neural network of atrial epicardium was found, and
in the endocardium of ventricles — especially in the
papillary muscles. Taking into account the density of
nerve fibers networks in the epicardium, we can state
that in chinchilla the cholinergic network is denser
than the adrenergic network. In the work of Kuchinka
et al. [23] concerning innervation of atrioventricular
valves in chinchilla, the opposite was found, with ad-
renergic innervation predominating over cholinergic.

To summarize, taking into account the colocal-
ization of ChAT/DSH, VAChT/TH, CART/NPY,
CART/VIP, CART/GAL, and CART/SOM, the
analysis of the neurochemical nature of the nerve
structures in chinchilla’s heart fits with the current
model of the chemical code of the mammalian cardiac
nervous system, despite some differences in the de-
tails. At the same time, studies on various mammalian
species cardiac ganglia allow us to conclude that the
pattern of innervation and neurochemical charac-
teristics may serve as a model for human heart. An
important piece of information in this context would
seem to be provided by the relatively high proportion
of neurotransmitters associated with sympathetic
activation, which may contribute to an increase in
catecholamine concentration in the heart, especially
in people with cardiomyopathy [48, 49].
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